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ADAPTIVE TIMING RECOVERY VIA
GENERALIZED RAKE RECEPTION

This application claims priority benefit under 35 U.S.C.
119(e) from the U.S. provisional application Ser. No. 60/686,

013, filed on 31 May 2003, and entitled “Adaptive Timing
Recovery Via Generalized Rake Reception,” which 1s incor-
porated 1n its entirety by reference herein.

BACKGROUND OF THE INVENTION

The present invention relates generally to RAKE receivers
tor code division multiple access (CDMA) systems, and more
particularly, to a method and apparatus for determining the
finger placement of RAKE fingers 1n a RAKE receiver.

In a wireless communication system, a transmitted signal
may travel through multiple propagation paths so that the
received signal 1s a composite ol multiple time-shifted ver-
sions of the signal. The different time-shifted versions of the
received signal, referred to herein as signal images, sufler
from different phase and attenuation effects. The multiple
time-shifted signal images combine at the receiver in an
unpredictable manner resulting 1n signal fading.

CDMA receivers typically employ a RAKE receiver to
combat signal fading due to multi-path propagation. The goal
of the RAKE recerver 1s to detect the individual signal images
and combine them coherently. A RAKE receiver typically
includes a plurality of correlators, sometimes referred to as
fingers, to separately despread different time-shifted signal
images, and a combiner to combine the correlator outputs. For
example, a RAKE recerver may detect and combine the M
strongest signal 1mages. A delay searcher processes the
received signal to identily the delays corresponding to the
strongest signal 1mages, and a finger placement processor
determines the finger placement based on those delays. The
process of finger placement comprises the assignment of a
delay to each RAKE finger to align the RAKE finger 1n time
with a signal 1mage. A simple finger placement strategy is to
assign the delays of the J strongest signal images found by the
delay searcher to respective RAKE fingers.

Typically, finger placement starts by generating an esti-
mated power delay profile (PDP) over a defined search win-
dow that gives the signal power as a function of delay. An
exemplary PDP 1s shown in FIG. 1. The delay searcher mea-
sures the signal power of the received signal samples. The
spacing between samples defines a search grid and the signal
power measurements define the PDP. One approach to finger
placement, referred to herein as the “peak™ approach, 1s to
place fingers at or near the peaks or local maximas in the PDP.
Ideally, the RAKE fingers would be placed at the exact delays
corresponding to peaks 1n the PDP. As shown 1n FIG. 1, exact
placement of the RAKE fingers at the peaks of the PDP 1s not
always possible because the search grid does not always align
with the peaks 1in the PDP. The actual peak in the PDP may fall
between the grid points of the search grid.

The alignment of the search grid with the actual channel
delay(s) affects performance. To 1llustrate this point, consider
a simple flat (one-tap) channel. Upon reception of such a
signal, a CDMA recerver attempts to correlate a time-shifted
version of the spreading code with the received signal. The
time-shift (delay), given by the searcher, 1s a function of the
search grid resolution. If the grid 1s aligned with the channel
delay, the contribution of all other codes 1s orthogonal, so
there 1s no interference. If the grid 1s not aligned with the
channel delay, then the orthogonality property 1s lost, and the
contribution of other codes shows up as interference. The
impact of misalignment on performance can be dramatic at
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very high data rates when higher order modulation such as
16-QAM 1s employed, as this modulation 1s highly sensitive
to self-interference. Thus, when the path delay falls between
two sampling intervals, the performance degradation can be
severe. Consequently, data throughput may fluctuate between
high data rates when the finger delays assigned to the RAKE
fingers correspond to the path delays of the signal images, and
much lower data rates when the finger delays assigned to the
RAKE fingers do not align with the path delays.

SUMMARY OF THE INVENTION

The present invention relates to a method for determining,
operating modes 1n a receiver. Generally, the method com-
prises 1dentifying a signal image 1n a signal received by the
receiver using a delay searcher. A processor 1n the receiver
then determines first and second quality metrics expected for
a single-delay receiver mode and a multi-delay recerver
mode, respectively. The processor then selects either the
single-delay or multi-delay receiver mode based on a com-
parison of the first and second quality metrics. When the
single-delay recerver mode 1s selected, the receiver processes
the signal 1image using a single delay. When the multi-delay
receiver mode 1s selected, the receiver processes the signal
image using multiple delays.

In one embodiment, the recerver comprises a RAKE
receiver, where the present invention relates to a method for
determining finger placement and weighting coetlicients 1n
the RAKE receiver. According to this exemplary embodi-
ment, a delay searcher 1s configured to 1dentily a signal image
in a received signal and a finger placement processor 1s con-
figured to select erther a single-finger recerver mode or a
multi-finger recerver mode. A finger placement processor 1s
configured to generate first and second signal quality metrics
for the single-finger receiver mode and multi-finger recerver
mode, respectively, and to select the recerver mode that pro-
duces the best metric. The selection of arecetver mode may be
performed for all detected signal images 1n a received signal,
or only for selected signal images. For example, selection of
the receiver mode may be performed only for the strongest
signal 1mage, or for all signal images meeting a predeter-
mined criterion, such as a signal strength criterion. The mode
selection may be selectively enabled and disabled. For
example, mode selections may be enabled only for non-dis-
persive channels containing a single signal image, and dis-
abled for dispersive channels containing more than one signal
image. In other embodiments, other criterion may be consid-

ered. For example, mode selections may be enabled only for
selected modulation schemes and data rates.

In another embodiment, the receiver comprises a chip
equalization receiver. For chip equalization recervers, a filter
with ] taps 1s configured to filter the receirved signal. The
number of filter taps and the delay assigned to each filter tap
1s determined adaptively based on evaluation of a signal qual-
ity metric.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11llustrates an exemplary power delay profile used by
a path searcher of a RAKE receiver to identify signal images
in a recerved composite signal.

FIG. 2 1illustrates a wireless receiver including a RAKE
receiver according to one exemplary embodiment of the
invention.

FIG. 3 1llustrates a RAKE finger for a RAKE recerver.

FIG. 4 1llustrates a RAKE processor.
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FIG. 5 1s a flow chart 1llustrating an exemplary mode selec-
tion procedure according to the present invention.

FI1G. 6 1s a flow chart 1llustrating an exemplary method of
computing a signal quality metric.

FI1G. 7 1llustrates a method of determining finger ofisets
from the path delay of a propagation channel.

FIG. 8 1s a flow diagram illustrating a first exemplary
procedure for determining finger offsets from a path delay.

FIG. 9 1s a flow diagram 1llustrating a second exemplary
procedure for determining finger olifsets from a path delay.

FIG. 10 1s a flow diagram 1illustrating a third exemplary
procedure for determining finger oflsets from a path delay.

FI1G. 11 1llustrates an exemplary chip equalization receiver
according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a method and apparatus for
determining ﬁnger placement 1 a RAKE recetver or chip
equahzatlon receiver. As used herein, the term RAKE
receiver includes a generalized RAKE (G-RAKE) recerver as
described 1n U.S. Pat. No. 6,363,104, which 1s incorporated
herein by reference. The invention has application in single-
input single-output (SISO) recervers, multiple-input, single-
output (MISO) recervers, and multiple-input, multiple-output
(MIMO) receivers.

FIG. 2 illustrates a wireless receiver 3 including a RAKE
receiver 10 according to one exemplary embodiment of the
invention. The wireless receiver 5 comprises a receive
antenna 12, a recerver front-end 14, a RAKE receiver 10, and
a decoder 28. RAKE receiver 10 comprises a RAKE proces-
sor 30, a plurality of RAKE fingers 16 to detect respective
signal images 1n a multi-path signal and a weighting network
22 to combine the outputs of the RAKE fingers 16 to generate
a combined RAKE output signal. Decoder 28 decodes the
combined RAKE output signal. Receiver front-end 14 filters,
down-converts, and samples the received signal from antenna
12 to generate a baseband signal for processing. The sampling
interval may, for example, be one-half the chip period T .. The
signal samples from the receiver front-end 14 are input to one
or more RAKE fingers 16, whose function 1s to despread the
selected signal images, typically the L strongest signal
images. As seen 1n FIG. 3 each RAKE finger 16 comprises a
delay element 18 and a correlator 20. The delay element 18
aligns finger 16 with a selected signal image by delaying the
received signal by a configurable delay determined by the
RAKE processor 30. The correlator 20 correlates the delayed
signal with a known spreading sequence associated with a
desired signal to despread the recerved signal. As a result of
the correlation process, unwanted signals contained in the
received signal appear as noise to the recewver. Weighting,
network 22 weights and combines the despread signals output
from the individual RAKE fingers 16. Weighting elements 24
apply a weighting coellicient to respective RAKE finger out-
puts and RAKE combiner 26 combines the weighted RAKE
output signals to generate a combined decision statistic,
referred to herein as the RAKE output signal. The RAKE
output signal 1s applied to a decoder 28, which decodes the
RAKE output signal to generate an estimate of the originally
transmitted signal.

RAKE processor 30 determines the number and placement
of the RAKE fingers 16, and the combining weights applied
to the individual RAKE finger outputs. FIG. 4 1illustrates a
RAKE processor according to one exemplary embodiment of
the invention. RAKE processor 30 comprises a delay searcher
32 and finger placement processor 34. The delay searcher 32
identifies the individual signal images 1n arecerved signal and
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4

determines the delay associated with each signal image. More
particularly, the delay searcher 32 generates a power delay
profile, such as shown in FIG. 1, by measuring the signal
power of the received signal samples over a predetermined
search window. The sampling interval may be one chip period
or less. FIG. 1 illustrates a power delay profile assuming a
one-half chip interval between signal samples. One approach
to detecting the signal images 1s to detect local maxima 1n the
PDP and compare the local maxima to a defined threshold.
Thedelays of these local maximas are taken as the path delays
of the signal images 1n the received multi-path signal. The
path delays of the detected signal images are input to the
finger placement processor 34. The finger placement proces-
sor 34 determines the number and placement of RAKE fin-
gers 16 based on the path delay estimates provided by the
delay searcher 32. Additionally, the finger placement proces-
sor 34 calculates weighting coetlicients to be applied to the
individual RAKE finger outputs.

The finger placement processor 34 includes a finger locator
35, channel estimator 36 combining weight generator 38, and
metric calculator 40. The finger locator 35 determines the
locations of the RAKE fingers 16 based on the estimated path
delays reported by the path searcher 32. In a conventional
RAKE receiver, a RAKE finger 16 1s typically assigned to the
L strongest delays. In a G-RAKE recerver, additional RAKE
fingers 16 may be used to detect the recerved signals that do
not correspond to any path delay. The channel estimator 36
generates estimates of the propagation channel from the
transmitter to the receiver for each assigned RAKE finger 16.
The channel estimates are provided to the combining weight
generator 38. Combining weight generator 38 computes the
combining weights applied to the RAKE finger outputs. The
combining weight generator 38 may, for example, compute
combining weights based on a maximal ratio combining
(MRC) criteria. For MRC combining, the combining weights
are based upon the signal power or signal power to interfer-
ence power ratio (SIR) at the output of the correlator 20 for
cach RAKE finger. If the signal SIR for a particular RAKE
finger 16 1s low, 1t will be assigned a low weighting factor.
Conversely, 11 the signal SIR for a particular RAKE finger 16
1s high, 1t will be assigned a large weighting factor. With tull
G-RAKE combining, the combining weight generator 38
computes impairment correlations across the RAKE fingers
16 and generates an impairment covariance matrix R. The
combining weight generator 38 multiplies the vector of chan-
nel estimates h from the channel estimator 36 by the inverse of
the 1impairment covariance matrix R to generate a weight
vector w whose elements are the weighting factors for the
outputs of RAKE fingers 16.

In some circumstances, the delay searcher 32 may detect a
dominant signal 1mage 1n the received signal. This situation
may occur, for example, when there 1s a direct line-of-sight
path between the transmitter and the receiver. A dominant
signal 1mage will exist if there 1s only one detected signal
image indicating a non-dispersive channel. If the channel 1s
dispersive and more than one signal image 1s detected, the
presence of a dominant signal 1mage may be determined
based on the relative signal power or SIR of the detected
signal 1mages. If the signal power or SIR of the strongest
signal 1mage exceeds all others by a predetermined amount,
then a dominant signal 1mage may be deemed to exist.

When a dominant signal image exists, reception may be
improved by using an adaptive finger placement algorithm
that selects a recerver mode based on a signal quality metric.
When the search grid or delay estimation grid i1s not aligned
with the path delay of the dominant signal image, reception 1s
improved by placing multiple RAKE fingers proximate the
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peak in the PDP. In this case, combining the output of the
multiple RAKE fingers performs a form of interpolation. The
end result approximates a single RAKE finger placed at the
path delay. When the search grid aligns with the path delay so
that the peak 1n the PDP 1s at or very close to the path delay,
the use of additional RAKE fingers 16 1s unnecessary.

According to one aspect of the present invention, finger
placement processor 34 adaptively determines the number of
RAKE fingers combined to create an estimate of the trans-
mitted symbol or related statistic as 1n 16-QAM. This process
1s referred to herein as mode selection. Finger placement
processor 34 evaluates a signal quality metric assuming vari-
ous finger placement strategies or recerver modes. A {irst
signal quality metric, referred to herein as the single-finger
metric, 1s determined for a single-finger recerver mode using,
a single RAKE finger 16 placed at the peak 1n the estimated
PDP. A second signal quality metric, referred to herein as the
multi-finger metric, 1s determined for a multi-finger receiver
mode using multiple RAKE fingers 16 placed proximate the
peak in the estimated PDP. In one embodiment, the multi-
finger metric 1s computed based on three equally spaced
RAKE fingers 16, centered on the peak 1n the estimated PDP.
The finger spacing 1s typically a multiple of the sample spac-
ing. In this case, the sample grid 1s used as a finger placement
orid. However, those skilled in the art will recognize that the
finger placement grid may be different from the sample grid.
In any case, the spacing between RAKE fingers 16 should be
less than the Nyquist criteria. Based on the metric evaluation,
the finger placement processor 34 selects one of a single-
finger receiver mode or multi-finger receiver mode.

The present invention may also be used to select between
the single-finger recerver mode and two or more multi-finger
receiver modes. For example, a three-finger metric and a
five-finger metric may be determined 1n addition to a single
finger-metric. Additionally, various channel conditions may
be considered for each multi-finger recerver mode by assum-
ing different path delays.

FI1G. 5 illustrates an exemplary procedure for determining,
finger placement 1n a RAKE receiver 10. The delay searcher
32 detects signal images in the recerved signal (block 32) and
determines whether a dominant signal image 1s present (block
54). If there are multiple signal images and no dominant
signal 1image, finger placement may be performed 1n a con-
ventional fashion (block 56). If a dominant signal 1image 1s
present, which will be the case when only one signal 1mage 1s
present, finger placement processor 34 selects a receiver
mode, e.g., single-finger or multi-finger. To determine the
receiver mode, the finger placement processor 34 computes
an estimated signal-to-interterence ratio (SIR) or other signal
quality metric for both a single-finger recerver mode and
multi-finger receiver mode (block 38). The finger placement
processor 34 then selects the receiver mode (block 60) by
comparing the computed SIR for the single finger and multi-
finger modes and selecting the mode that maximizes the SIR.
The selected receiver mode 1s used to demodulate the
received signal (block 62).

Any known technique for estimating the SIR 1n a RAKE
receiver may be employed. For example, in a combining,
receiver, the SIR may be estimated by:

‘WHE‘Z (1.1)

wH Rw’

SIR =

where w is the combining weight vector (scalar), h is the
estimated net response vector (scalar), and R 1s the estimated
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impairment covariance matrix (scalar). The combining
weight w used to compute the SIR may be a tentative com-
bining weight. The combining weights w used to combine the
RAKE finger outputs may be based on more accurate infor-

* it i

mation and ditter from those used to calculate the SIR.

The first step in determining the SIR 1s to determine the
finger placement. For the single- ﬁnger receiver mode, the
finger delay for the RAKE finger 16 1s located at the delay
reported by the delay searcher 32. For the multi-finger
receiver mode, the desired number J (typically an odd num-
ber) of RAKE fingers 16 may be centered at the delay corre-
sponding to the peak in the PDP reported by the path searcher
32. The finger spacing A should meet Nyquist criteria (A<0.8
chips for WCDMA). Assuming three RAKE fingers 16 as an
example, the finger placement processor 34 may place one of
the fingers at delay d, corresponding to the peak 1n the PDP.
The remaiming two fingers could be placed respectively at a
predetermined offset A before and after d,. The offset Amay,
for example, be ¥4 chip or 12 chip. As a general rule, 1f there
are an odd number J of RAKE fingers 16, then (J-1)/2 fingers
16 are placed at increments of +A from the center finger and
(J-1)/2 fingers 16 are placed at increments of —A from the
center finger. After the finger placement 1s determined, the
finger placement processor 34 computes the combining
welght vector w, net response vector h, and impairment cova-
riance matrix R.

Methods tor computing the combining weight vector w, net

response vector h, and impairment covariance matrix R are
well known 1n the art and are therefore only brietly summa-
rized herein. Given the net response vector h and impairment
covariance matrix R for the RAKE fingers 16, the combining
weight vector w may be computed according to:

w=R"'h (1.2)

The net response vector h may be estimated by the channel
estimator 36 from the despread pilot symbols. The net
response vector h comprises a vector of length J whose ele-
ments comprise the channel coefficients for all ] RAKE fin-
gers 16. The net response vector h at slot index j is given by:

Ny (13)
Z

m:

x(m, j)s"(m),

A |
h(j) = N_

where x(m,j) 1s the Vector of despread pilot symbols for the

" symbol in the i slot, s(m) is the known pilot symbol
transmltted at ime index m, and N  1s the number ot pilot
samples over which the channel 1s estimated.

Equation (1.3) gives a noisy estimate of the net channel
response at each RAKE finger 16. A more accurate estimate
of the net response vector h may be computed by taking the
pulse shape into account. First a net response vector h is
calculated for J finger delays according to Equation (1.3).
Then, L path delays are considered, where L 1s less than or
equal to J. The L path delays may be estimated as hereinatter
described. A medium response vector g for each estimated
path delay 1s computed given by:

S=(474) 47, (1.4)

where A 1s a pulse shape autocorrelation matrix giving the
autocorrelation of the pulse shape at the estimated path
delays. The {i, j}th element in A, which is a JxLL matrix, is
given by the autocorrelation function ry(d,—t;) where d, 1s the
finger delay and T; 1s the estimated path delay. From the
medium response vector g, an effective net response vector h
for ] G-RAKE fingers 16 may be generated according to:

(1.5)

h=Bg,
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where B 1s a pulse shape autocorrelation matrix using the
autocorrelation of the pulse shape. Note that the number J of
RAKE fingers 16 may be different than the number L of
estimated path delays. The {j,1}th element in B, which is a
JxL matrix, i1s given by the autocorrelation function rg(d,~t;)
where d, 1s the finger delay and T, 1s the estimated path delay.

The effeetwe net response vector h may be used in place of h
tor G-RAKE receiver calculations.

An estimate R of the impairment covariance matrix R may
be computed from the net response vector h. The impairment
covariance matrix R may alternatively be computed from the
effective net response vector h. An estimated impairment
covariance matrix R may be computed from the net response
vector h according to:

Np-1

Rk) = Npl_l >

m=10

(1.6)

A A H
(x(m, k)s*(m) — h(k))(x(m, k)s*(m) — hik))".

The estimated impairment covariance matrix R computed
according to Equation (1.6) may be used to compute the
combining weights w and SIR according to Equations (1.2)
and (1.1), respectively Alternatively, a filtered version of the
estimated covariance matrix, eemputed according to R(k)=y
R(k-1)+(1-y)R(k), where v=(0.99)"», may be used to com-
pute the combining weights and SIR accerding to Equations
(1.2) and (1.1), respectively.

A parametric approach as described in U.S. patent appli-
cation Ser. No. 10/800,167 filed Mar. 12, 2004 and/or in U.S.
Patent Application No. 60/685,825 filed 31 May 20035, may
also be used to calculate impairment correlations. These
applications are incorporated herein by reference. Using the
parametric approach, the impairment covariance matrix R 1s
computed according to:

R=aRA+PRx, (1.7)

where R, 1s an interference correlation matrix representing
interference correlation due to multi-user interference, R, 1s
the noise correlation matrix representing noise correlations
across RAKE fingers 16, and the parameters o and 3 are
fitting parameters. Parameter o0 represents the ratio of total
base station power to pilot channel power, while [ represents
the power of white noise that models background noise plus
unmodeled interference (inter-cell and perhaps inter-system
GSM/EDGE). The fitting parameters o and {3 are unknown,

but may be estimated by finding the least squares solution to:

R=0RAPRx (1.8)

The fitting parameters o. and 3 may be instantaneous values or
filtered values, and may be computed on a per symbol basis,
per slot basis, or per frame basis. Once the fitting parameters
a. and 3 are known, the impairment correlation matrix R 1s
computed according to Equation (1.7). The {i,j }th element of
the 1interference correlation matrix 1s given by:

—1

Ri(t, j) = gi&,
=0

L---q

(1.9)

—1 n=co

co,nF

1
—

H——

re(di —nT; — Tg)r} (d; —nT, —7,),

where g, and g g are the 1th and qth elements of a medium
response vector g given by Equation (1.4), d, and d, are the
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finger delays, T, and T, are the path delays, r¢¢(t) 1s the auto-
correlation function of the recerve filter, and T 1s the chip
period. The {i, j}th element of the noise correlation matrix is
given by

Rylij)=rsp(d=d))

FIG. 6 1llustrates an exemplary method of computing the
SIR where the combining weights are calculated using the
parametric approach. First, finger locator 35 determines the
finger delays based on the peak reported by the delay searcher
32 (block 102). Channel estimator 36 estimates the channel,
computes the net response vector h according to Equatien
(1.3) (block 104), and then computes a medium response
vector g according to Equation (1.4) (block 106). The
medium response vector g is supplied to the combining
weight generator 38 and the net response vector h is supplied
to the both the combining weight generator 38 and metric
calculator 40. The combining weight generator 38 computes
the interference correlation matrix R, according to Equation
(1.9) and the noise correlation matrix R ,; according to Equa-
tion (1.10) (block 108). Next, combining weight generator 38
determines the fitting parameters o and 5 (block 110) and
computes the impairment covariance matrix R (block 112).
The combining weight generator 38 may then compute the
combining weights w based on the net response vector h and
impairment covariance matrix R according to Equation (1.2)
(block 114). Finally, the metric calculator computes the SIR
for the multi-finger receiver mode according to Equation
(1.1) (block 116). The single-finger recerver mode represents
the classical RAKE (e.g., MRC) solution. The combiming
weight, net channel response, and impairment covariance are
all scalar quantities. The net channel response for the single-
finger mode is the element of the length J vector h that cor-
responds to the delay (d,) reported by the path searcher. The
combining weight 1s the complex conjugate of the net channel
response. The impairment covariance 1s the element of the
impairment covariance matrix R calculated for the multi-
finger mode corresponding to the covariance of the delay
reported by the path searcher with 1tselt (R(d,,d,)). Equation
(1.2) employs these quantities to determine the single-finger
SIR. The multi-finger SIR 1s compared to the single-finger
SIR to select the recerver mode.

In the case of the multi-finger recerver mode, multiple
RAKE fingers 16 are placed around the delay of the dominant
signal 1mage, and different strategies may be employed to
compute the SIR for this recetver mode. One strategy, referred
to herein as the full order approach, treats the propagation
path of the signal image as a dispersive channel with I paths
and the recerver employs J=L RAKE fingers 16. In this case,
the calculation of the SIR 1s straightforward 11 the path delays
T, are assumed to be the same as the finger delays d,. A second
approach, referred to herein as the reduced order approach,
assumes L paths for the propagation path of the dominant
signal image and the receiver employs J>L RAKE fingers 16.
In this case, the offsets between the finger delays d; and
hypothesized path delays T, need to be determined. The finger
delays d; are determined by centering a I finger grid at the
peak reported by the delay searcher 32. The finger placement
processor 34 then hypothesizes one or more path delays T, and
determines the finger offsets d,—t,, for each set of the hypoth-
esized path delays t,. This process 1s equivalent to shifting the
finger placement grid relative to the path delays. Thus, 11 a
two-path model 1s used to model the propagation path of the
dominant signal and three RAKE fingers 16 are used, each set
of hypothesized path delays T, would result 1n six finger ofl-
sets, two for each RAKE finger 16. For each set of hypoth-
esized path delays t,, a metric 1s determined and the hypoth-

(1.10)
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esized set of path delays with the best metric 1s used to
compute the SIR. The net response vector h, impairment
covariance matrix R, and combining weights w may then be
computed as previously described.

To 1llustrate the reduced order channel model, assume that

a single path model 1s used to model the propagation path of

the dominant signal 1image and the recerver employs three
RAKE fingers 16. The finger delays are denoted by d, for the

middle finger 16, d,+A for the finger 16 to the right of the
middle finger 16, and d,-A for the finger to the left of the
middle finger 16. As shown 1n FIG. 7, anumber of hypotheses
tor the location of the path delay T, are made, one correspond-
ing to the delay d, reported by the path searcher 32 and the
other hypothesized path delays are in units of £A,,. A typical
value for A, 1s

1

16

of the chip period. The hypothesized path delays are indicated
by anx in FIG. 7. Thus, for N hypotheses tor the path delay t,,
(N-1)/2 hypotheses at increments of +A, are made and
(N-1)/2 hypotheses at increments of —A ,are made. The setof
finger offsets for each hypothesis is given by {d,+A—t,, d, -,
d,-A-T,}.

Various metrics may be used to evaluate hypothesized path
delays and to select the best hypothesis. One approach esti-
mates the channel coeflicients and calculates a log-likelihood
for each hypothesis. The hypothesis that mimimizes the log-
likelihood 1s selected. FI1G. 8 illustrates this approach. Finger
delays are determined by centering a finger grid at the peak 1n
the PDP reported by the delay searcher 32 (block 200). A
counter n 1s then mitialized by setting the counter to 0 (block
202). Channel coetlicients are generated for each hypothesis
(block 204) and a log-likelihood metric 1s computed for each
hypothesis (block 206). The log-likelihood metric 1s
described 1n Bottomley et al., Optimizing the Performance of
Limited Complexity RAKE Receivers, Proc. 48th IEEE
Vehicle Technology Cont., Ottawa, Canada, May 1998, and
in U.S. Pat. No. 6,839 378 which 1s incorporated herem by
reference. Interpolation can be used to obtain despread values
at non-sample positions. After determining the log-likelihood
metric at block 206, the finger placement processor 34 1ncre-
ments the counter n (block 208) and compares the counter nto
a desired number of hypotheses N (block 210). If n<N, the
process 1s repeated for the next hypothesis. If n=N, the finger
placement processor 34 selects the hypothesis that minimizes
the log-likelihood metric (block 212). After selecting the best
hypothesis for the multi-finger recerver mode, the SIR for the
multi-finger receiver mode 1s then calculated as previously
described and compared to the SIR for the single-finger
receiver mode. The finger placement processor then selects
the recerver mode that maximizes the SIR.

Another approach for choosing a hypothesized path delay
1s to use SIR as a metric to select the best hypothesis for the
multi-finger receiver mode. FIG. 9 illustrates this approach.
The finger delays are determined by centering a finger grid at
the delay reported by the delay searcher 32 (block 300). The
finger placement processor 34 then computes the netresponse
vector h and noise correlation matrix R,, (block 302). Note
that the noise correlation matrix R,; 1s independent of the
hypothesized path delays. The finger placement processor 34
initializes a counter n by setting the counter n equal to O
(block 304). The finger placement processor 34 then performs
steps 306 through 316 for each hypothesis n. The finger
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placement processor 34 computes medium coelficients
(block 306), interterence correlation matrix R, (block 308),
fitting parameters o and 3 (block 310), impairment covari-
ance matrix R (block 312), combiming weights w (block 314),
and SIR (block 316) for each hypothesis n. Because G-RAKE
combining will be used, SIR simplifies to SIR=h"w. After the
SIR 1s computed (block 316), the finger placement processor
34 increments the counter (block 318) and compares the
counter to the desired number of hypotheses (block 320). If
the desired number has not been reached, the finger place-
ment processor 34 repeats blocks 306 through 316 until the
desired number 1s reached. Once the desired number 1s
reached, the finger placement processor 34 selects the
hypothesis that maximizes the SIR (block 322). The finger
placement processor 34 then compares the SIR for the
hypothesis selected at block 322 and compares 1t to the SIR
for the single-finger receiver mode and selects the recerver
mode.

A third approach for selecting a hypothesized path delay
for the multi-finger recetver mode 1s based on a distance
metric. FIG. 10 illustrates this approach. The finger place-
ment processor 34 determines the finger delays by centering
a finger grid at the delay corresponding to the peak 1n the
estimated PDP reported by the delay searcher 32 (block 400).
The finger placement processor computes the net channel
response vector h (block 402). Note that the net channel
response vector h is a function of the finger grid and not the
hypothesized path delays. The finger placement processor 34
initializes a counter n by setting it to O (block 404 ). The finger
placement processor 34 then performs steps 406 through 410
for each of the n hypotheses. The finger placement processor
34 computes medium coefficients g, for each RAKE finger 16
for each hypothesis (block 406), effective net coefficients h,
for each RAKE finger (block 408), and a distance metric
between the net channel response vector coelficients and the
clfective net channel response vector coellicients (block

410) The distance metric can be a Euclidean distance metric
given by (Ih—h *Yora distance metric that accounts for noise
correlations given by (h— hn)H ~1(h- hn) After computing the
distance metric (block 410), the finger placement processor
34 increments the counter (block 412) and compares the
counter to the desired number of hypotheses (block 414). If
the desired number has not been reached, the finger place-
ment processor 34 repeats blocks 406 through 410 until the
desired number 1s reached. Once the desired number 1s
reached, the finger placement processor 34 selects the
hypothesis that minimizes the distance metric.

A varniant of the Euclidean distance metric given above may
be used to simplify the method shown 1n FI1G. 10. The Euclid-
ean distance may be computed according to |hy,|, where
y =t N, and 1=t (d,+A=), t(d, =), t;(d,~AT,)]”
Note that y, may be pre-computed for all delay offset hypoth-
€Ses.

Regardless of which metric 1s used to determine the best
hypothesized path delay for the multi-finger receiver mode, 1T
a one-path model 1s assumed and the hypothesized path delay
corresponds to a sample point, two of the RAKE fingers 16
may be discarded and a single RAKE finger 16 placed at the
estimated path delay. ITthe estimated path delay 1s the same as
the path delay for the single-finger recerver mode, there 1s no
need to compare the two approaches. When the estimated
path delay does not correspond to a sample position, the SIR
for the multi-finger recerver mode should be compared to the
SIR for the single-finger recerver mode to determine which
approach to employ for demodulation.
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While described 1n terms of a single path channel, the
present invention may also be applied in a dispersive channel.
For example, the mode selection method described above for
selecting between a single-finger 1image receiver mode and
multi-finger 1mage receiver mode may be applied to only the
strongest signal 1mage, to all signal images, or to all signal
images that meet a predetermined criteria. When applied 1n a
multi-path channel, the computation of the SIR should take
into account all of the assigned fingers. For example, 11 there
1s a two-path channel, and the recerver considers placing one
or three fingers on the dominant path, the SIR would be
determined by considering the one or three fingers for the
dominant signal image in conjunction with the finger or
assigned to the weaker path. The dominant path may be
determined based on long-term averages or based on instan-
taneous fading values.

The above-described embodiments assume that the
receiver 1s a RAKE receiver. Those skilled i the art waill
recognize that the present invention may also be applied to a
chip equalization recerver. FIG. 11 1llustrates a chip equaliza-
tion recerver 500 according to one embodiment of the inven-
tion. The chip equalization receiver 500 comprises an equal-
izer filter 502, despreader 520, and filter processor 330. The
equalizer filter 502 filters the recerved signal samples before
despreading to generate a filtered signal. The equalizer filter
502 comprises an FIR filter comprising delay elements 504
with J taps 506. The tap outputs 506 may be weighted by
weighting elements 508 and combined by a combiner 510.
Alternatively, combiner 510 may combine the tap outputs 506
directly. The filtered signal 1s then despread by despreader
520. Filter processor 530 determines the tap delays and filter
coellicients for the equalizer filter 502. The tap delays corre-
spond to the previously discussed finger delays, and the filter
coellicients correspond to the previously discussed combin-
ing weights. As with the RAKE recerver embodiment, the
filter processor 530 determines the number J of taps for the
equalizer filter based on evaluating a metric. Similarly, the
filter processor 530 determines the filter coetlicients for the J
taps.

The present invention may also be extended to multiple
receiver and/or transmit antennas. In the case of multiple
receive antennas, the methods described above may be
applied separately for each receive antenna. It may also be
applied jointly, which would be usetul under certain interfer-
ence-limited situations, such as HSDPA, the high-speed
downlink packet data mode of WCDMA. For example,
assuming a single-path channel and two receive antennas, the
receiver could compare four approaches:

1) placing one finger on antenna A and one finger on

antenna B;
2) placing one finger on antenna A and three fingers on
antenna B;

3) placing three fingers on antenna A and one finger on

antenna B; and

4) placing three fingers on antenna A and three fingers on

antenna B.
I1 the two antennas are sampled at the same time, then options
2 and 3 could be eliminated. If the sampling for each antenna
1s staggered, options 1 and 4 may be eliminated instead. When
computing metrics for G-RAKE reception, joint SIR calcu-
lations based on both antennas may be used.

There are two scenarios for which multiple transmait anten-
nas may be involved. One 1s soit handoif. In this case, finger
placement may be determined separately for each transmitted
signal. The other scenario 1s transmit diversity. In this case,
the above-described methods may be applied separately for
cach transmitted signal or jointly for the transmitted signals
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based on the assumption that the path arrival times are the
same. Details regarding weight formation and SIR computa-
tion for this scenario are described 1n U.S. patent application
Ser. No. 10/800,167 filed Mar. 12, 2004.

In the exemplary embodiments described above, the selec-
tion of the receiver mode 1s made before demodulation. In
other embodiments of the invention, metrics computed after
multiple parallel demodulations may be considered. The
demodulated signal that generates the best metric 1s then
grven to the decoder. Also, demodulation and decoding using
the different approaches may be performed one at a time. IT
the first approach fails (e.g., an error detection code such as a
CRC fails), then the second approach can be tried. If the
selection of the receiver mode 1s made after demodulation but
before decoding, selection can be based on a mean square
error (MSE) measure. For example, if the two recerver modes
are used n RAKE combining, the MSE for each recerver
mode may be estimated by detecting the symbols, regenerat-
ing the desired RAKE combined signal, and examining the
error between the regenerated signal and the RAKE com-
bined signal.

To reduce processing load on the receiver, the present
invention may be applied adaptively. For example, the mode
selection method of the present invention may be applied only
when there are a small number of signal paths, e.g., for
example one. Additional criterion, such as the modulation
scheme or data rate, can also be considered. The present
invention may provide greater benefit for higher order modu-
lation and high data rates. The data rate depends on modula-
tion, spreading factor, and the number of multi-codes used.
For example, the methods described above may be applied 1f
the delay searcher 32 finds only one path and the ratio of the
number of multi-codes to the spreading factor 1s greater than
one-half.

The present invention may, of course, be carried out 1n
other ways than those specifically set forth herein without
departing from essential characteristics of the invention. The
present embodiments are to be considered 1n all respects as
illustrative and not restrictive, and all changes coming within
the meaning and equivalency range of the appended claims
are mtended to be embraced therein.

We claim:

1. A method of determining operating modes 1n a receiver
for demodulating a signal, comprising:

recerving the signal at said receiver;

identifying a signal image in the received signal;

determining a first signal quality metric for a single-delay

receiver mode in which the signal image 1s processed
using a single delay;

determining a second signal quality metric for a multi-

delay recerver mode in which the signal image 1s pro-
cessed using multiple delays; and

selecting the single-delay receiver mode or the multi-delay

receiver mode based on a comparison of said first and
second signal quality metrics.

2. The method of claim 1 wherein 1dentifying the signal
1mage comprises generating a power delay profile and detect-
ing a local maxima in the power delay profile.

3. The method of claim 2 wherein the receiver comprises
one of a RAKE receiver and a chip equalization recerver, and
wherein said single-delay recerver mode comprises place-
ment of a single RAKE finger of the RAKE receiver or a
single delay tap of the chip equalization receiver at a delay
corresponding to said local maxima.

4. The method of claim 2 wherein the receiver comprises
one of a RAKE receiver and a chip equalization receiver, and
wherein said multi-delay receiver mode comprises placement




US 8,964,912 B2

13

of multiple RAKE fingers of the RAKE receiver or multiple
delay taps of the chip equalization receiver at respective
delays proximate said local maxima.

5. The method of claim 1 wherein the second signal quality
metric for the multi-delay receiver mode 1s based on a full-
order model of the signal image comprising a number of path
delays equal to the number of delays used in the multi-delay
receiver mode.

6. The method of claim 1 wherein the second signal quality
metric 1s based on a reduced order model of the signal image
comprising a number of path delays less than a number of
delays used 1n the multi-delay recerver mode.

7. The method of claim 6 wherein determining a second
signal quality metric for a multi-delay receiver mode com-
Prises:

hypothesizing two or more sets of path delays;

computing a metric for each set of hypothesized path

delays;

selecting the set of hypothesized path delays based on the

metric; and

computing the second signal quality metric using the

selected set of hypothesized path delays.

8. The method of claim 1 wherein said first and second
signal quality metrics comprise signal-to-interference ratios.

9. The method of claim 1 further comprising decoding the
received signal using the selected recerver mode.

10. The method of claim 9 further comprising decoding the
received signal a second time using a second receiver mode
responsive to a decoding failure.

11. The method of claim 1 wherein the mode selection for
the receiver mode 1s selectively enabled and disabled.

12. The method of claim 11 wherein the mode selection for
the recetver mode 1s enabled only for non-dispersive chan-
nels.

13. The method of claim 11 wherein the mode selection 1s
enabled for selected data rates.

14. The method of claim 11 wherein the mode selection 1s
cnabled for selected modulation formats.

15. The method of claim 1 wherein mode selection 1s
performed separately for a plurality of recerved signals
received by different recelve antennas.

16. The method of claam 1 wherein mode selection 1s
performed jointly for a plurality of recerved signals received
by different recerve antennas.

17. The method of claam 1 wherein mode selection 1is
performed separately for one or more received signals trans-
mitted by one or more different transmit antennas.

18. The method of claim 1 wherein mode selection 1s
performed jointly for one or more received signals transmit-
ted by one or more different transmit antennas.

19. The method of claim 1 wherein the recerver comprises
a RAKE receiver that RAKE combines despread values using
the selected recerver mode.

20. The method of claim 19 wherein said first and second
signal quality metrics are computed before RAKE combin-
ng.

21. The method of claim 19 wheremn said single-delay
receiver mode and said multi-delay recerver mode comprises
a single-finger receiver mode and a multi-finger recerver
mode for the RAKE receiver.

22. The method of claim 21 wherein said first and second
signal quality metrics are computed after RAKE combining
in the single-delay and multi-delay receiver modes.

23. The method of claim 22 wherein the received signal 1s
RAKE combined 1n parallel 1n the single-finger and multi-
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finger receiver modes, and wherein the signal quality metric 1s
used to select a RAKE combined symbol estimate for decod-
ing.

24. 'The method of claim 19 wherein the RAKE receiver 1s
a generalized RAKE receiver that combines signal images
using combining weights determined as a function of impair-
ment correlations across RAKE fingers.

25. The method of claim 1 wherein the receiver comprises
a chip equalization recerver, and wherein the single-delay
receiver mode and the multi-delay recerver mode comprise a
single-tap receiver mode and a multi-tap recerver mode,
respectively.

26. A recerver Tor demodulating a recerved signal contain-
ing one or more signal 1mages, said receiver comprising;

a delay searcher configured to detect a signal 1image in the

received signal;

a processor operative to:

determine a first signal quality metric for a single-delay
receiver mode in which the signal image 1s processed
using a single delay;

determine a second signal quality metric for a multi-
delay recerver mode 1n which the signal image 1s
processed using multiple delays; and

select the single-delay recerver mode or the multi-delay
receiver mode based on a comparison of said first and
second signal quality metrics.

277. The receiver of claim 26 wherein the delay searcher 1s
configured to identily the signal image by generating a power
delay profile and to detect a local maxima in the power delay
profile,

28. The recetver of claam 27 wherein the recerver com-
prises one of a RAKE recerver and a chip equalization
receiver, and wherein said single-delay recetver mode com-
prises placement of a single RAKE finger of the RAKE
receiver or delay tap of the chip equalization receiver at a
delay corresponding to said local maxima.

29. The receiver of claim 27 wherein the receiver com-
prises one of a RAKE recerver and a chip equalization
receiver, and wherein said multi-delay recetver mode com-
prises placement of multiple RAKE fingers of the RAKE
receiver or multiple delay taps of the chip equalization
receiver at respective delays proximate said local maxima.

30. The recetver of claim 26 wherein the processor 1s
configured to determine the second signal quality metric for
the multi-delay receiver mode based on a tull-order model of
the signal image comprising a number of path delays equal to
the number of delays used 1in the multi-delay receiver mode.

31. The receiver of claim 26 wherein the processor 1s
configured to determine the second signal quality metric
based on a reduced order model of the signal 1mage compris-
ing a number of path delays less than the number of delays
used 1n the multi-delay receiver mode.

32. The receiver of claim 31 wherein the processor 1s
configured to determine a second signal quality metric for a
multi-delay recetver mode by:

hypothesizing two or more sets of path delays;

computing a metric for each set of hypothesized path

delays;

selecting the set of hypothesized path delays based on the

metric; and

computing the second signal quality metric using the

selected set of hypothesized path delays.

33. The recerver of claim 26 wherein said first and second
signal quality metrics comprise signal-to-interference ratios.

34. The receiver of claim 26 wherein the processor 1s
configured to selectively enable and disable mode selection
for the recerver mode.
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35. The receiver of claim 34 wherein the processor 1s
configured to enable mode selection for the recerver mode
only for non-dispersive channels.

36. The recerver of claim 34 wherein the processor 1s
configured to enable mode selection for selected data rates.

37. The receiver of claim 34 wherein the processor 1s
configured to enable mode selection for selected modulation
formats.

38. The recerver of claim 26 wherein the processor 1s
configured to perform mode selection separately for a plural-
ity of recerved signals received by different recerve antennas.

39. The recerwver of claim 26 wherein the processor 1s
configured to perform mode selection jointly for a plurality of
received signals received by different receive antennas.

40. The receiver of claim 26 wherein the processor 1s
configured to perform mode selection separately for one or
more recerved signals transmitted by one or more different
transmit antennas.

41. The recerver of claim 26 wherein the processor 1s
configured to perform mode selection jointly for one or more
received signals transmitted by one or more different transmit
antennas.

42. The recerwver of claim 26 wherein the recerver com-
prises a RAKE -, combine

receiver configured to RAKE
despread values using the selected receiver mode, and
wherein the processor comprises a finger placement proces-
SOF.
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43. The receiver of claim 42 wherein the recetver 1s con-
figured to decode the recerved signal a second time using a
second recerver mode responsive to a decoding failure.

44. The receiver of claim 42 wherein the finger placement
processor 1s configured to determine the first and second
signal quality metrics before RAKE combining.

45. The recerver of claim 42 wherein the finger placement
processor 1s configured to determine the first and second
signal quality metrics after RAKE combining in the single-
delay and multi-delay recerver modes.

46. The recerver of claim 45 wherein the RAKE recerver
RAKE 1s configured to combine the single-delay and multi-
delay recerver modes in parallel, and wherein the finger place-
ment processor 1s configured to select a combined symbol
estimate for decoding based on the signal quality metric.

4'7. The recerver of claim 42 wherein the RAKE recerver 1s
a generalized RAKE receiver that 1s configured to combine
signal images using combining weights determined as a func-
tion of impairment correlations across RAKE fingers.

48. The receiver of claim 26 wherein the recerver comprise

a chip equalization receiver, wherein the processor comprises
a filter processor, and wherein the chip equalization recerver
turther includes an equalization filter configured to filter the
received signal using one or more tap delays.

¥ ¥ # ¥ ¥
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